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a b s t r a c t
The reduction and equalization of the salt concentrations in the River Werra have resulted in a gradual
recovery of the aquatic ﬂora. Spatial high-resolution macrophyte mappings document the spread of the
aquatic vascular plants in the middle and lower River Werra. Simultaneously, the plankton blooms have
declined. Changes in the composition of the algal communities including diatoms also indicated lowereywords:
quatic ﬂora
acrophytes
iatoms
salinity. In addition to the salinity, high nutrient concentrations, waste water discharges and structural
degradation are important stressors in the River Werra as shown by e.g. low species richness of vascular
plants and the common occurrence of pollution tolerant diatoms. From the existing data it is clear that
an encompassing improvement of the ecological conditions in the River Werra can only be achieved by
res c
hytobenthos
rimary production
alinization
iver Werra
further restoration measu
ntroduction
Numerous anthropogenic impacts result in impairments of the
uvial system of the River Werra, Germany. Since the beginning of
he last century, the massive introduction of salt waste water from
otash mining into the river, in particular, has resulted in an exten-
ive biological degradation of the middle and lower River Werra.
he phases of highest salt load occurred between 1950 and 1990.
eak concentrations ofmore than30g L−1 of chloride (DVWK1998)
eredocumentedduring this period.Dependingon thepotashpro-
uction level and the runoff, the salt concentrations in the river
uctuated greatly. Short-term changes between fresh water and
olyhalobic conditions within a period of a few days increased the
hysiological stress on organisms such that the former were only
olerated by very few species. As a consequence, the biocoenosis of
his running-water ecosystem broke down almost completely.
In the 1990s company closures and the implementation of
estoration measures resulted in a substantial decline in the salt
oad (desalinization). A technical control system for the salt load,
hich was installed in 2000, monitors and controls diffuse saltwa-
er inﬂuxes into the River Werra together with direct discharges of
alt waste water from current production. Since then the limit of
.5 g L−1 of chloride, which was stipulated for the stream section in
he region of the village Gerstungen, has been nearly continuously
aintained (Fig. 1). In addition, the range of variability of the salt
oadhas also levelledoff so that adrastic reductionandequalization
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of the salt load in the River Werra have occurred since 2000. In the
approximately 130km long salinized section there is an increasing
and a decreasing gradient in the salt load. The monitoring process
uses the river section at Gerstungen as a reference and monitoring
point because it also represents the highest salinity.
Between Gerstungen und the conﬂuence with the River Fulda
at Hannoversch Münden (Hann. Münden), the maximum chloride
concentrations resulting from inﬂuxes and dilution decrease from
2.5 g L−1 to values under 1.5 g L−1. In addition to the high salt load,
high nutrient concentrations, partly due to inadequately treated
sewage and massive morphological degradations have a negative
impact on the ecological status of the River Werra. Further infor-
mation on the currently effective stressors can be found in Bäthe
and Coring (2011) in this volume.
The aim of this study was to present an overview of the recent
development of the aquatic ﬂora and the primary production in the
salinized sections of the River Werra. The level of primary produc-
tion in the River Werra is additionally substantiated by laboratory
investigations. This paper presents a general overview of the com-
position of the current communities, compares the recent situation
to periods with higher salinity and reviews the applicability of eco-
logical assessment tools suchas theHalobian Index (Ziemann1999)
for the description of the desalinization.
Material and methodsArea of investigation and sampling sites
The area of investigation is located in the Central Ger-
man Uplands near the geographical middle of Germany. At this
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trips between July and September. Field mappings were generallyig. 1. Development of the chloride concentration at the Gerstungen measurement
tation in the period from 1982 to 2008.
ocation themiddle and lower RiverWerra ﬂow through the border
egion between the German states of Thuringia andHessia. In addi-
ion, small parts of the catchment area are enclosed by portions of
ower Saxonia. Since 2002 the river section between Breitungen
nd Hedemünden, approximately 185km long, has been investi-
ated regularly with regard to its seasonal aspects. This monitoring
rogramwill be continueduntil 2013.Additionaldata for theperiod
etween 1993 and 1999 were considered in this paper. They were
Fig. 2. Location of the sampling sites and inca 41 (2011) 134–142 135
worked up in the scope of an R & D project (DVWK 1998) and made
available by the Water Authorities of the State of Lower Saxonia.
Fivepermanent sampling siteswereestablished in this river seg-
ment. Fig. 2 provides an overview of the sampling sites and the
studied sections.
Data base and methods
The seasonal aspects of the benthic diatom assemblages were
investigated 2–3 times a year (spring and autumn, since 2005 also
in summer) at the 5 sampling sites following the guidelines of
DIN EN 13946 (2003) and DIN EN 14407 (2004). Krammer and
Lange-Bertalot’s papers (1986–2004)were used for the determina-
tion of the taxa, and their nomenclature was predominantly used.
In addition to the analysis of the community structures, the data
assessmentwas based on theHalobion Index (Ziemann 1971, 1999,
modiﬁed in BayLfU 2006) and the Trophic Diatom Indices in accor-
dance with Rott et al. (1999) and DVWK (1999).
The aquatic macrophytes were investigated each summer from
2006 to 2008 in accordance with the methodological speciﬁcations
of BayLfU (2006) in the river segment between Vacha and Hede-
muenden. The ﬁeld mapping was conducted on River Werra boatperformed at intervals of one kilometre; thus, a total of 98 individ-
ual records were made on each trip. If the species determination
could not be performed on site, reference material was collected,
taken to the laboratory and subsequently identiﬁed under the light
vestigated sections in the study area.
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Table 1
Composition of the sterile ﬁltered Werra water used as experimental medium.
Parameter Concentration Dimension Parameter Concentration Dimension
Sodium 23 mg/L Iron <0.005 mg/L
Potassium 3.9 mg/L Manganese 0.006 mg/L
Calcium 74 mg/L Molybdenum <0.005 mg/L
Magnesium 14 mg/L Nickel <0.005 mg/L
Sulphate 74 mg/L Titanium <0.005 mg/L
Phosphorous 0.14 mg/L Vanadium <0.005 mg/L
Phosphate 0.41 mg/L Zinc <0.005 mg/L
Aluminium <0.005 mg/L Ammonium 0.15 mg/L
Lead <0.01 mg/L Nitrate 17 mg/L
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Cobalt <0.005 mg/L
Chromium <0.005 mg/L
Copper 0.005 mg/L
icroscope. The nomenclature follows Wisskirchen and Häupler
1998).
The phytoplankton community analyses were performed at
onthly intervals (April–October) during the vegetation periods
t the “Letzter Heller” sampling site. Quantitative samples were
aken; and the taxa composition, the cell numbers per litre and
he biovolume was determined using inverted microscopy and the
lassic Utermoehl technique (DIN EN 15204 2006). The chloro-
hyll a content was determined photometrically in accordance
ith DIN 38412-16 (1985) and by means of in vivo ﬂuorescence
easurements using a FluoroProbe (bbe Moldaenke GmbH, Kiel-
ronshagen, Germany).
Measurements of phytobenthos biomass were performed
etween2004 and2006onnatural, riparian substrates using in vivo
uorescence measurements. This method allows indirect assess-
ents of the benthic primary production range using chlorophyll a
ontents per square centimeter as a reference; the measurements
ere performed using a portable ﬂuorometer (BenthoFluor Kit, bbe
oldaenke GmbH, Kiel-Kronshagen, Germany).
To supplement the ﬁeld investigations, growth experiments
sing the model organism Cyclotella meneghiniana (strain SAG
020-1a, EPSAG, Culture Collection of Algae, Albrecht-von-Haller-
nstitute for Plant Science, University of Göttingen, Germany)
ere conducted in the laboratory. The methodological bases are
escribed in Völler (2006). The duration of the experiments was
days. Cultures were cultured in Erlenmeyer ﬂasks at a con-
tant temperature of 20 ◦C and a light–dark cycle of 14:10h at
000 lx on adjustable shaking plates. All tests were inoculated
ith 0.1×105 cells/mL. Sterile ﬁltered water from the River Werra
Table 1) obtained upstream of the salinized river section at Bre-
tungen was subsequently spiked with production waste water
rom the potash industry to different salinity levels (Table 2).
esults and discussioniatoms
Diatoms are excellent indicators of the salinity of waters. The
ork by Kolbe (1927) and Hustedt (1937, 1957) resulted in the
able 2
alculated concentrations of chloride, potassium and magnesium in the different
piked test series with sterile ﬁltered Werra water as experimental medium.
Chloride Potassium Magnesium Dimension
Control 39 3.9 14 mg/L
1000 1029 81 141 mg/L
1500 1529 103 200 mg/L
2000 2029 134 260 mg/L
2200 2229 150 290 mg/L
2500 2529 170 327 mg/LNitrite 0.28 mg/L
COD <15 mg/L
Chloride 39 mg/L
AOX 15 g/L
formulation of a halobic system based on diatoms. Depending on
their salinity tolerance, different species groups are differentiated,
whereby the forms with elevated salinity tolerance are designated
as halophilous, mesohalobous and polyhalobous.
In total 268 diatom taxa were found at the ﬁve main sampling
sites in the River Werra. However, taxa such as Nitzschia frustulum,
Nitzschia inconspicua,Navicula tripunctata,Naviculamargalathii and
similar species could not be identiﬁed with certainty.
Only 12 species (Achnanthes delicatula, Amphora pediculus,
Cocconeis placentula, Diatoma moniliformis, Navicula gregaria, Nav-
icula lanceolata, Navicula margalithii, N. frustulum, N. inconspicua,
Rhoicosphenia abbreviata, Stephanodiscus hantzschii and Thalas-
siosira pseudonana) achieved maximum abundance of more than
25% in one sample (Table 3).
Table 3 presents the most frequent diatom species as deter-
mined at the sampling sites between 2002 and 2008. Diatom
assemblage compositions differ clearly among the different loca-
tions. In particular, the number ofmesohalobous and polyhalobous
species as well as their relative frequencies increases with increas-
ing salinity. In addition, the percentages of planktonic species in the
samples taken at the “Letzten Heller” are higher. The most abun-
dant planktonic specieswere S. hantzschii and the polytypic species
T. pseudonana.This is probably the result of alterations in thehydro-
morphology and reduced ﬂow velocity in this river section due to
storage level regulation.
The dominant species in the investigated segment of the River
Werra indicate eutrophic conditions. Some species such asNavicula
gregaria,Navicula subminusculaandN. frustulumarealso considered
to be tolerant of organic pollution. According to the Trophic Index
(Rott et al. 1999), the River Werra between Breitungen and Hann.
Münden is a eutrophic to polytrophic watercourse (Table 4). The
minimum TDI value of 2.51 was found at Breitungen in Mai 2008
and indicated eutrophic conditions, whereas the maximum value
was found inOctober 2004 at Gerstungen (3.38, polytrophic). Other
classiﬁcation systems suchas theDVWKTrophic Index (1999) char-
acterize the lower River Werra in particular as hypertrophic. The
calculated mean values of the Trophic Index (Rott et al. 1999)
show an increase between Breitungen and Gerstungen (Fig. 3) and
demonstrate differences between the salinized river sections and
the River Werra upstream from the introduction sites of saline
waste water. Due to the existing saturation with nutrients, such
as nitrogen and phosphorus, in the whole river section (see Bäthe
and Coring 2011 in this volume), this result may be interpreted as
an indication of the fertilizing effects of the salt water introduction.
Ziemann (1971, 1999) developed an index based on the halo-
bion system for classifying surface waters. Generally, the Halobion
Index according to Ziemann reliably differentiates between the
salinized section (Vacha to Hann. Münden) and the non-salinized
section (Breitungen toUnterrohn) of the RiverWerra. However, the
index is not an appropriate tool for describing the reduction in salt
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Table 3
Themost commondiatomspecies foundat the investigated sampling sites including themaximumabundanceand the classiﬁcation into thehalobiongroups (hp=halophilous,
mh=mesohalobous, ph=polyhalobous) according to Ziemann (1999, modiﬁed).
Sampling site/range of chloride concentration Taxa Max abundance (%) Halobian group
Breitungen (20–90mg/L chloride) Amphora pediculus 23.27
Cocconeis placentula 20.37
Cymbella sinuata 11.82
Diatoma moniliformis 24.07 hp
Diatoma vulgaris 20.16
Navicula cryptotenella 14.23
Navicula gregaria 34.80
Navicula lanceolata 32.30
Navicula subminuscula 18.93
Nitzschia frustulum 11.55 hp
Nitzschia inconspicua 13.83 hp
Rhoicosphenia abbreviata 18.20
Unterrohn (20–140mg/L chloride) Achnanthes minutissima 19.75
Amphora pediculus 42.33
Cocconeis placentula 31.13
Navicula gregaria 34.70 hp
Navicula lanceolata 30.30
Nitzschia frustulum 17.70 hp
Nitzschia inconspicua 45.29 hp
Rhoicosphenia abbreviata 25.24
Vacha (200–1500mg/L chloride) Achnanthes delicatula 26.36 mh
Amphora pediculus 11.60
Cocconeis placentula 14.77
Navicula gregaria 14.46
Navicula lanceolata 35.80
Nitzschia frustulum 59.41 hp
Nitzschia inconspicua 33.97 hp
Rhoicosphenia abbreviata 29.66
Gerstungen (1000–2500mg/L chloride) Amphora coffeaeformis 17.00 ph
Diatoma moniliformis 31.50 hp
Fragilaria fasciculata 13.00 mh
Navicula gregaria 32.20
Navicula lanceolata 14.60
Navicula margalithii 35.32 mh
Navicula perminuta 22.07 mh
Navicula recens 10.65 mh
Nitzschia frustulum 68.81 hp
Nitzschia inconspicua 54.40 hp
Rhoicosphenia abbreviata 34.55
Letzter Heller (500–1500mg/L chloride) Cocconeis placentula 10.31
Navicula gregaria 10.74
Navicula lanceolata 12.94
Navicula perminuta 11.30 mh
Nitzschia frustulum 48.80 hp
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oad that has already been achieved in the salinized section. Fig. 4
hows the Halobion Indices for the locations Breitungen, Gerstun-
en and Letzter Heller for the period from1993 to 2008. The indices
ere calculated using the speciﬁcations of the German procedure
or ecological condition assessment (BayLfU 2006), which is based
n the European Water Framework Directive (EU-WFD 2000). The
lternatively performed calculations in accordance with the orig-
nal speciﬁcations formulated by Ziemann (1999) tend to provide
he same results. The data for 1993 to 1998 were worked up in
he scope of an R & D project (DVWK 1998) and made available by
he Water Authorities of the State of Lower Saxonia. Although the
alt concentration at Gerstungen and at the Letzten Heller declined
ubstantially in the period from 1993 to 2003 (Fig. 1), the reduced
alinitywas not reﬂected by the index. Evenwhen considering only
he year 2008, the decreasing salt gradient between the sampling
tations was only inadequately reﬂected by the Halobion Index: In
008 the salt load at the Gerstungen sampling site was between
000 and 2300mgL−1 Cl− on average. Due to inﬂow from salt-free
ributaries, the salinity up to the “Letzter Heller” sampling site was13.20 hp
ata 63.03
chii 27.55
onana 36.70 mh
reduced to average values between 1300 and 1500mgL−1 Cl−;the
Halobion Index indicated approximately the same salinity.
Ziemann et al. (2001) showed that a linear relationship does
not exist between the Halobion Index and chloride concentrations
>2000mgL−1. Indeed, at these concentrations the index appears to
be passing through a saturation region. Hofmann (1997) compared
data fromtheRiverWerra atGerstungen in theyears1964and1988
with results obtained by means of diatom analyses in the period
from 1993 to 1995. Between 1964 and 1988 the average chlo-
ride concentrations at Gerstungen clearly exceeded 10,000mgL−1,
whereas in 1994 they were only approximately 3000mgL−1 chlo-
ride. The author was able to demonstrate a deﬁnite decline in the
calculated Halobion Index from 75 in September 1988 down to 36
for the years 1993 to 1995. In contrast, the current investigation
(Fig. 4) shows that there isno furtherdecrease in theHalobion Index
despite substantially reducedpeak loads andadeﬁnite equalization
of the chloride concentrations compared toHofmann’s data (1997).
However, the success of further remediation measures was
indicated by the composition of the diatom ﬂora (Fig. 5). The
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Table 4
Calculated trophic diatom indices (Rott et al. 1999) and the trophic state of the investigated sampling sites.
Sampling site Date Trophic state (Rott et al. 1999) TDI (Rott et al. 1999)
Breitungen 05.05.2004 Polytrophic 3.25
11.10.2004 Polytrophic 3.25
01.06.2005 Eutrophic-polytrophic 3.04
24.08.2005 Polytrophic 3.21
17.05.2006 Eutrophic-polytrophic 2.76
07.08.2006 Eutrophic-polytrophic 2.75
05.09.2006 Eutrophic-polytrophic 2.98
11.10.2006 Eutrophic-polytrophic 3.04
14.05.2007 Eutrophic 2.68
13.07.2007 Polytrophic 3.32
22.08.2007 Polytrophic 3.20
16.10.2007 Eutrophic-polytrophic 3.06
08.05.2008 Eutrophic 2.51
10.07.2008 Eutrophic-polytrophic 2.81
21.10.2008 Eutrophic-polytrophic 2.96
Vacha 13.05.2002 Eutrophic-polytrophic 3.20
11.09.2002 Eutrophic-polytrophic 3.01
06.05.2004 Eutrophic-polytrophic 3.11
11.10.2004 Polytrophic 3.27
31.05.2005 Polytrophic 3.27
24.08.2005 Polytrophic 3.27
17.05.2006 Polytrophic 3.30
05.09.2006 Eutrophic-polytrophic 2.89
11.10.2006 Eutrophic-polytrophic 3.12
14.05.2007 Polytrophic 3.24
13.07.2007 Polytrophic 3.24
22.08.2007 Polytrophic 3.24
16.10.2007 Eutrophic-polytrophic 3.15
08.05.2008 Eutrophic-polytrophic 2.97
09.07.2008 Eutrophic-polytrophic 2.86
21.10.2008 Eutrophic-polytrophic 3.10
Gerstungen 13.05.2002 Eutrophic-polytrophic 3.18
11.09.2002 Eutrophic-polytrophic 2.71
05.05.2004 Polytrophic 3.25
11.10.2004 Polytrophic 3.38
31.05.2005 Polytrophic 3.30
24.08.2005 Polytrophic 3.22
17.05.2006 Polytrophic 3.33
05.09.2006 Polytrophic 3.20
11.10.2006 Polytrophic 3.28
16.05.2007 Polytrophic 3.32
12.07.2007 Polytrophic 3.34
22.08.2007 Polytrophic 3.37
16.10.2007 Polytrophic 3.34
08.05.2008 Polytrophic 3.28
09.07.2008 Polytrophic 3.21
21.10.2008 Eutrophic-polytrophic 3.19
Letzter Heller 13.05.2002 Eutrophic-polytrophic 3.03
11.09.2002 Eutrophic-polytrophic 3.10
06.05.2004 Polytrophic 3.22
11.10.2004 Polytrophic 3.20
31.05.2005 Polytrophic 3.33
24.08.2005 Polytrophic 3.25
17.05.2006 Polytrophic 3.37
05.09.2006 Eutrophic-polytrophic 3.19
11.10.2006 Polytrophic 3.27
16.05.2007 Polytrophic 3.23
12.07.2007 Polytrophic 3.28
22.08.2007 Polytrophic 3.29
14.09.2007 Polytrophic 3.30
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ata from the “Letzter Heller” exemplarily show the decrease
f the cumulative fractions of mesohalobous and polyhalobous
pecies in the algal communities since 2003. Since 2002 the
alt load of the River Werra has been controlled by a salinity
oad system, which enables the maintenance of the permitted
aximum of 2500mgL−1 at the Gerstungen water gauge and
as also resulted in more uniform salt concentrations in theophic 3.29
ophic 3.37
ophic 3.26
hic-polytrophic 3.16
lower River Werra. However, freshwater conditions have not been
achieved.The established changes in the structure of the diatom
assemblages support Hofmann’s statements (1997). The author
documented the decline of the salt-tolerant species combinedwith
deﬁnite changes in the species spectrum for the ﬁrst phase of
reduced salt loads in the River Werra from 1993 to 1995. Ziemann
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Fig. 3. Mean values of the Trophic Diatom Index (Rott et al. 1999) between 2002 and
2008 at the Breitungen (freshwater), Vacha, Gerstungen and Letzter Heller sampling
sites.
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ig. 4. CalculatedHalobion Indicesbetween1993and2008at theBreitungen (fresh-
ater), Gerstungen and Letzter Heller sampling sites.
t al. (2001) also reported analogous changes in the structure of
he diatom assemblages corresponding to declining salt loads in
he River Wipper.
acrophytes
Until 2002 aquatic macrophytes were nearly absent from the
iver Werra’s salinized zone. In contrast, in the subsequent years,
continuous spreading of the macrophytes was observed in
his zone. Comprehensive systematic stock mapping of the river
etween Vacha and Hedemünden was performed for the ﬁrst time
n 2006 in a river section of approximately 100km in length. Com-
lete transverse proﬁleswere taken at intervals of 1 km. The results
f this survey showed that aquatic macrophytes had already pop-
ig. 5. Development of the cumulative fractions ofmesohalobous and polyhalobous
iatom species in the diatom assemblages at the “Letzter Heller” sampling site
etween 1993 and 2008.ca 41 (2011) 134–142 139
ulated the entire salinized zone. Additional mappings in 2007 and
2008 demonstrated that the spread of macrophytes in the River
Werrahadcontinued. Compared to2006, a largernumberof species
were found at the majority of sampling sites in higher percent-
age of coverage although this statement only applies to the study
year 2008 with restrictions (Table 5). However, the presence of
Myriophyllum spicatum in the River Werra shows in an exemplarily
manner that the development of the macrophyte stocks is still in
progress. This species is characterized by an intermediate salinity
tolerance and is propagatingdownstream(Fig. 6). Other submerged
macrophytic species, e.g. Potamogeton pectinatus, are almost ubiq-
uitously distributed to date and are tolerant to eutrophic loads.
Their presencedoesnot indicate goodecological conditions, but the
consistent resettlement of the River Werra by macrophytes is to be
considered to be a substantial improvement, which has changed
the trophic structure of the river ecosystem considerably.
Phytoplankton
Phytoplankton was investigated on the lower reaches of the
River Werra at monthly intervals during the vegetation period.
The river section in the region of the Letzter Heller sampling site
is storage level regulated and up to 5m deep. Depth-integrated
quantitative samples were taken. In total 96 taxa (74 species,
20 genera, Centrales, Pennales) were found. Additionally, in sev-
eral taxa (e.g. centric diatoms, Scenedesmus spp., Chlamydomonas
spp. etc.) size classes were differentiated in order to make pre-
cise calculations of the biovolume possible. With respect to cell
densities the phytoplankton was dominated by centric diatoms of
different size classes. The dominate species in this group were as
follows: Cyclotella atomus, C. meneghiniana, S. hantzschii and the
polytypic species T. pseudonana.Others such as Scenedesmus acutus,
Scenedesmus spp. (different size classes), Monoraphidium contor-
tum and Pseudanabaena limnetica also had cell densities of more
than 5000mL−1. The following species occurred at densities 1000
up to 5000 cellsmL−1: Limnothrix redekei, Nitzschia acicularis, Sti-
chococcus bacillaris, Coelastrum astroideum, Skeletonema potamus,
Crucigenia tetrapedia and Lagerheimia balatonica.
Compared to previous investigations (e.g. DVWK 1998), the
number of veriﬁed taxa has nearly doubled. Since 2006 representa-
tives of the Chlorophyceae and Cyanophyceae have been observed
in increasing numbers and higher biovolumes (Fig. 7). In addition
to the above-mentioned higher diversity, the fraction of salt-
tolerant species is also declining. Scheele (1955, 1956) reported
mass propagations of halobion diatom species in the River Werra
with Thalassiosira bramaputrae (Syn. Th. lacustris) as the dominant
species. This mesohalobous species and Thalassiosira weissﬂogii
(reported as a dominant salt tolerant species in the River Werra by
Bäthe, 1997) were only found as isolated specimens in our investi-
gation. Thus, thequalitative changes in thephytoplanktonic species
spectrum reﬂect also the currently achieved reduction the salt load
in the River Werra.
In addition to the qualitative component, the quantitative
analysis of the phytoplankton data is interesting. Compared to
the information in LAWA (2002) with peak concentrations of
407g L−1 Chl. a for the period from 1992 to 1993 or 625g L−1
for the years from 1994 to 1996, respectively, the peak value in
2004 was merely 211g L−1. Parallel to the demonstrated spread
of macrophytes in the middle and lower River Werra, signiﬁcantly
declining cell numbers per litre as well as lower biovolumes for
phytoplankton have been determined at the “Letzter Heller” loca-
tion since 2004 (Fig. 8).
Against a background of nearly unchanged high nutrient con-
tents (Bäthe and Coring 2011 in this volume) and constant elevated
salt load in the River Werra, this decline in phytoplankton concen-
trations appears to be a reaction to the structural and functional
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Table 5
Results of the macrophyte surveys between Vacha and Hedemünden 2006–2008.
Salt tolerance No. of records Total abundance
2006 2007 2008 2006 2007 2008
Number of species 9 11 7
Callitriche stagnalis Low 2 7 4 2 10 4
Elodea canadensis Moderate 5 4 11 7
Fontinalis antipyretica Moderate 3 10 7 3 18 10
Lemna minor Moderate 1 11 39 2 18 41
Myriophyllum spicatum Moderate 3 7 21 5 17 37
Nuphar lutea Moderate 1 1
Polygonum amphibium Low 8 12 8 8 27 8
Potamogeton crispus Moderate 1 3 1 5
Potamogeton pectinatus Moderate–high 93 89 80 206 222 190
Ranunculus aquatilis Moderate 2 4
Veronica anagallis-aquatica Low 1 2 1 3
Zannichellia palustris Moderate 2 2
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Fig. 6. Distribution of Myriophyllum spicatum in the river Werra 2006–2008.
E. Coring, J. Bäthe / Limnologica 41 (2011) 134–142 141
roups
c
s
c
m
b
g
d
p
t
B
d
w
t
d
K
r
ﬂ
A
i
w
g
c
F
m
waste water is demonstrated through the data. From the aggregateFig. 7. Relative abundance of the dominant algal g
hanges in the river ecosystem. The spread of the macrophyte
tocks may have altered the general light conditions in the water
olumn and resulted in higher competition for resources. Further-
ore, the structural changes in the macrobenthos as documented
y Bäthe and Coring (2011) appear to be an indication of elevated
razing pressure. Additional investigations will be necessary to
emonstrate a deﬁnite connection between the decline in phyto-
lankton development and the changes in the trophic structure of
he River Werra.
iomass: ﬁeld measurements
Investigations on the biomass of the phytobenthos were con-
ucted to support the hypothesis of fertilizing effects of saline
aste water in the River Werra. A deﬁnitely elevated quantita-
ive development of the phytobenthos in the salinized section was
emonstratedbymeansof ﬁeldmeasurementsusing aBenthoFluor
it (bbe-Moldaenke GmbH, Kiel-Kronshagen, Germany). The area-
elated chlorophyll a contents in g/cm2 determined by in-vivo
uorescence measurements were used as the reference quantity.
ll measurements were performed during the vegetation periods
n the years 2004–2006 on natural (stones) and artiﬁcial substrates
ith comparable exposure. Areas with high cover by macroal-
ae such as Cladophora spp. or Enteromorpha interstinalis were not
onsidered. Biomass of periphyton on stones was highest at the
ig. 8. Chlorophyll a concentration, determined by in vivo ﬂuorescence and photo-
etrically, and phytoplankton biovolumes at the Letzter Heller sampling site.(biovolume) at the Letzter Heller site, 2004–2008.
Gerstungen site (Fig. 9), which had the highest Cl, K and Mg con-
centrations, conﬁrming the laboratory results obtained by Völler
(2006).
Biomass: laboratory experiments
Growth experiments with C. meneghiniana under standardized
conditions using sterile ﬁltered Werra water from different loca-
tions documented the highest growth rates over a 7-day period in
the highly polluted Werra water from the Gerstungen site (Völler
2006, Fig. 10).
Additional experimental series were performed at the Institute
for Evolution and Biodiversity at the University of Münster using
sterile ﬁltered Werra water and different chloride, potassium and
magnesium contents as experimental medium. The composition of
the sterile ﬁltered Werra water as well as the chloride, magnesium
and potassium concentrations of the different test series are sum-
marized in Tables 1 and 2. Fig. 11 exemplarily shows the results of
one experimental series using C. meneghiniana in undiluted Werra
water spiked with saline waste water. A fertilizing effect of salineexperimental results it can be seen that it is highly likely that at
levels >100mgL−1 potassiumexerts a fertilizing effect. However, in
addition, the controlling action of the given phosphorus and nitro-
gen concentrations in the river water is still effective and proved
Fig. 9. Biomass of periphyton on stones (g/cm2 chlorophyll a) with comparable
exposure.
142 E. Coring, J. Bäthe / Limnologi
Fig. 10. Measured chlorophyll a concentrations in culture experiments with
Cyclotella meneghiniana in waters from different locations of the River Werra (from
Völler 2006).
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he mean of three parallel samples) in growth experiment of 09.10.2007 using
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hrough additional test series with diluted Werra water and high
alinity and potassium concentrations. The existing potential of
acronutrients rules out nutrient limitation of primary production
o a high degree.
Considering all the data it becomes clear, that despite substan-
ial improvements, particularly with respect to salinity, the water
uality in the River Werra is still unsatisfactory. Further improve-
ents of the ecological conditions can only be achieved by the
mplementationofmeasureswhich consider all of the stressors act-
ng in the River Werra, especially a further reduction in the salinity
nd particularly the concentrations of potassium together with a
eduction of high nutrient concentrations.
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